water [4] . It is important to understand the relationship of arsenic in the mining processes, especially if present in high concentrations.
Arsenic in the environment can occur in multiple oxidation states ( 3, 0, +3, and +5) . In natural waters, it is found mainly as the oxy-anionic trivalent arsenic [(III) , arsenite] and pentavalent arsenic [(V) , arsenate] species. Speciation of arsenic in water can be estimated by the pH and redox potential [5] . Species such as H 3 As(III)O 3 and H 3 As(V) O 4 predominate in the conditions of reduced aqueous environments and oxidized aqueous environments respectively. In normal pH of natural waters (6 to 8), arsenate is found in two anionic forms: H 2 AsO 4 and HAsO 4 2 , while the only abundant form of arsenite (H 3 AsO 3 ) is neutral.
Arsenic is also mobilized in large quantities as a result of mining activities, such as mineral excavations, ore transportation, smelting, re ning and waste and wastewater disposal around the mines, both during active operation and also long after the time of mine closure [6] . According to the World Health Organization [4] , there is suf cient evidence available to establish a relationship between inorganic arsenic in drinking water and cancers of bladder, lung, and skin, as well as other skin diseases, such as changes of pigmentation and hyperkeratosis [5] . There are several available technologies for arsenic removal from water. Many of these technologies require many stages of pretreatment to chemically reduce contamination.
The precipitation with trivalent iron salts and lime -CaO or Ca(OH) 2 -is the technique commonly applied in mining ef uents for arsenic removal. Stability (immobilization) of arsenic removed is a subject of constant debate due to the high potential for the release of these residues [7] . For this reason, studies using different types of oxidizing or reducing agents and coagulants (co-precipitation) to stabilize the arsenic indicate possible routes of interest All arsenic removal technologies have one or more drawbacks, limitations, and application scope. The major arsenic removal technologies are compared in Table 1 .
The main objective of this work was to establish an innovative treatment process to achieve a maximum of 0.2 mg/L of arsenic in the nal liquid ef uent, while producing the least amount of waste with greater stability. 
Materials and Methods
The raw water used for the experiments was provided by a company that produces gold and their resulting wastewater presents arsenic concentrations between 300 mg/L and 1,600 mg/L. Tests were conducted on laboratory scale and the technique adopted in this work was of co-precipitation by use of selective coagulants/ occulants and a removal agent (RA).
An atomic mass spectrometer model Thermo Scienti c Icap 6000 Series Inductively Coupled Plasma (ICP) was used for all chemical analyses, with 0.96 g/L detection limit for arsenic.
Tests were carried out with one liter samples of raw water, properly characterized by chemical analysis via ICP, agitated in a beaker with addition of NaOH to achieve a pH >10.5. The solution was then mixed by slow agitation for a period of one minute. After this period, the rst dosage of an arsenic removal agent (RA) was added then the solution was agitated vigorously for ve minutes, which corresponds to the rst step of the process. After this time, a certain amount of anionic occulant was added with slow agitation, maintained for one minute and then switched off, allowing the solution to rest for a period of two hours for precipitation. The precipitate was ltered, using Whatman lter paper black belt, and the residue obtained was separated. At the end of the treatment the wastes were combined. The sum of all the residues was sent to chemical analysis on the ICP, while the supernatant was transferred to another beaker. At this time a second dosage of arsenic removal agent was added, repeating the procedure adopted in the rst step. This sequence was repeated three times, with the difference that the occulant being neutral. In the fourth step, in addition to arsenic removal agent and occulant, Ca 2+ ions were added in the form of Ca(OH) 2 ; the solution was then allowed to sit for 18 hours in order to precipitate. The resulting supernatant was then transferred to another beaker, in which new amount of Ca(OH) 2 was added and left to rest for a period of 8 hours to precipitate. In Fig. 1 , the simpli ed process owchart can be seen.
Analyzing the supernatant of this last step, the arsenic level in the liquid phase showed compatible values to the discharge limits determined by Brazilian Environmental Legislation (<0.2 mg/L). Regarding the waste generated during the treatment process, the waste was submitted to leaching evaluations through the Toxicity Characteristic Leaching Procedure (TCLP), which is a standard analysis test developed by the U.S. Environmental Protection Agency (EPA) that determines which contaminant identi ed by EPA is present in the leachate and their concentration; this test simulates waste dump in land ll.
The additions of removal agent (RA) to the solution of arsenic were made in stepwise to optimize its removing action.
Results and Discussion
Typical and representative values of this arsenic removal treatment can be seen in Table 2 . Each data point of the amount of arsenic in solution represents the average of three equal tests; results of the chemical analyses were supplied in triplicate by ICP.
Using the data presented in Table 2 (up to the fourth stage, which contains addition of the removal agent) it is possible to plot Fig. 2 , that shows an exponential trend curve [Eq. (1)] with correlation coef cient R 2 equal to 0.9986.
Step 1 (2h)
Step 2 (2h)
Step 3 (2h)
Step 4 (18h)
Step 5 Where As = estimated arsenic quantity in solution (mg/L) and RA = total amount of removal agent added (mg/L).
Therefore, using the prediction Eq. (1) to calculate how much removal agent must be added for reaching 0.1885 mg/L arsenic in solution without addition of lime, a total of 146.67 ppm is obtained, which means that in step 5 more 34 mg/L of removal agent should be added.
Conclusions
There are several available technologies for arsenic removal from aqueous solutions. Many of these require several stages of pretreatment and/or chemical reduction of contamination.
The tests performed in this work were conducted on laboratory scale. The technology proposed here, for removing arsenic contained in ef uents from gold-producing companies, is based on co-precipitation by the use of selective coagulants/ occulants and an arsenic removable agent. It proved to be effective and feasible technically.
This study yields the reduction of arsenic levels to 0.1885 mg/L, which is below the 0.2 mg/L discharge criteria established by the Brazilian Environmental Legislation [3] .
However, other ions present in the treated solution can contribute signi cantly to the consumption of reagents used as well as in the increase in volume of waste generated.
Evaluating the leaching and stability of arsenic contained in the waste generated by our treatment process is under way through conduction of the TCLP test.
